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Abstract 

The  kinetics  and  processing  conditions  of  liquid  phase  sintering  (LPS)  have  been  addressed  in  the 
development  of  a  novel  heavy  alloy,  W-Ni-Mn.  Solubility  criteria  were  considered  in  the 
selection  of  manganese  as  an  alloying  element  to  the  W-Ni  system.  The  addition  of  manganese 
resulted  in  a  depressed  melting  point  of  the  matrix  and  consequently  sintering  in  this  system  was 
achieved  at  temperatures  300°C  lower  than  in  the  conventional  heavy  alloys.  Concurrent  with 
solubility  criteria,  the  rearrangement  stage  in  liquid  phase  sintering  was  treated.  When  capillary 
and  viscous  drag  forces  are  accounted  for,  the  time  scales  in  rearrangement  were  found  to  be  in 
the  microseconds  range  for  metal  systems.  On  the  other  hand,  heat  transfer  was  found  to  be  the 
rearrangement  time  limiting  factor  for  metallic  specimens  with  time  scales  in  the  range  of 
seconds.  Further,  depending  on  the  green  density  and  the  system  under  consideration,  there 
exists  specific  specimen  dimensions  where  a  transition  from  heat  transfer  to  capillary  control  over 
the  rearrangement  time.  These  dimensions  are,  however,  in  the  micrometer  range. 

Coarsening  in  liquid  phase  sintered  systems  was  also  considered.  A  coalescence  function  was 
introduced  to  the  continuity  equation  for  the  grain  size  distribution.  At  high  volume  fractions  of 
the  solid  phase,  the  grain  size  distribution  was  skewed  to  the  right  as  compared  to  the 
symmetrical  behavior  at  low  solid  volume  fractions.  While  these  observations  agree  with  previous 
experimental  measurements  on  liquid  phase  sintered  microstructures  and  the  experimental 
measurements  in  the  W-Ni-Mn  system,  the  overall  effect  of  coalescence  on  the  grain  size 
distribution  functions  is  minimal.  This  is  due  to  the  fact  that  coarsening  kinetics  in  coalescence 
follows  the  same  time  dependency  as  in  diffusion. 

In  the  processing  of  this  new  heavy  alloy,  variables  such  as  the  initial  powder  purity,  the 
processing  atmosphere,  the  sintering  temperatures,  and  the  nickel  to  manganese  ratio  were 
considered.  For  high  densification,  the  oxygen  content  in  the  initial  powders  must  be  controlled. 
It  is  found  that  a  3/2  Ni  to  Mn  ratio  was  optimum  to  avoid  the  high  vapor  pressure  and  oxidation 
of  manganese  while  maintaining  high  mechanical  properties.  During  tensile  testing,  the  as-sintered 
specimens  failed  in  the  elastic  region.  A  post-sintering  heat  treatment  in  argon  followed  by  water 
quenching  proved  beneficial  in  this  system.  In  fact,  during  cooling  from  the  sintering 
temperature,  the  microstructure  undergoes  phase  changes  resulting  in  intermetallic  compound 
formation  in  accordance  with  the  Ni-Mn  phase  diagram.  The  additional  heat  treatment  followed 
by  quenching  avoids  intermetallic  formation.  The  resulting  average  mechanical  properties  were 
900  MPa  ultimate  tensile  strength  (UTS)  and  10%  ductility.  When  a  milling  treatment  was 
applied  to  the  initial  powders,  the  UTS  further  increased  to  980  MPa  with  no  effect  on  the 
ductility  for  the  90W-6Ni-4Mn  system  sintered  at  IZOO^C  for  1  hour  in  a  hydrogen  atmosphere. 
These  properties  are  comparable  to  the  classical  heavy  alloys  where  sintering  is  usually  performed 
at  ISOO^C  with  mechanical  properties  of  900  MPa  and  30%  ductility  for  the  90W-7Ni-3Fe 
composition. 

Introduction 

Tungsten  heavy  alloys  (WHA)  are  two  phase  composites  consisting  of  tungsten  grains  dispersed 
in  a  low  melting  temperature  matrix.  Due  to  their  high  density,  high  strength  associated  with  the 
bcc  tungsten  phase,  and  high  ductility  attributed  to  the  fee  matrix,  these  alloys  are  used  in 
applications  such  as  kinetic  energy  penetrators,  radiation  shielding,  counterbalances,  vibrational 
damping  devices,  and  other  military  and  civilian  applications.  Since  tungsten  has  a  high  melting 
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point  V  410°C),  the  sintering  of  tungsten  heavy  alloys  usually  occurs  through  liquid  phase 
sintering.  Ni-Fe,  Ni-Co,  Ni-Fe-Co,  Ni-Cu,  and  Cu  elemental  powders  are  usually  mixed  with 
tungsten  and  the  composite  is  sintered  at  temperatures  where  solid  tungsten  grains  coexist  with 
a  liquid  matrix.  The  presence  of  the  liquid  accelerates  the  densification  kinetics  relative  to  solid- 
state  sintering.  Four  mechanisms  are  usually  associated  with  liquid  phase  sintering;  1)  solid-state 
sintering  prior  to  liquid  formation,  2)  initial  particle  rearrangement  due  to  capillary  forces  exerted 
by  a  wetting  liquid,  3)  prolonged  solution-reprecipitaion  associated  with  systems  where  the  solid 
phase  is  soluble  in  the  liquid,  and  4)  grain  coarsening  and  final  pore  elimination  (1-11]. 

Much  understanding  has  been  acquired  in  the  arena  of  tungsten  heavy  alloys  and  most  of  the 
theoretical  work  in  liquid  phase  sintering  has  been  derived  from  experimental  observations  in 
tungsten  heavy  alloys.  However,  there  are  several  discrepancies  between  theory  and  experiment. 
These  discrepancies  arise  from  the  difficulties  of  relating  the  many  variables  involved  in  the 
densification  and  the  microstructure  evolution  of  these  alloys,  such  as  temperature,  time,  particle 
shape  and  size,  homogeneity  of  the  mixture  of  different  alloying  elements,  processing  conditions, 
and  the  overlap  of  the  different  mechanisms  involved  in  the  densification  of  these  alloys,  such 
as  particle  rearrangement,  solution-reprecipitation,  and  grain  growth. 

In  liquid  phase  sintered  systems,  the  contribution  of  solid  state  sintering  to  LPS  is  usually 
ignored.  In  fact  most  of  the  modelling  of  LPS  has  focused  on  large  scale  particulate  systems  (100 
ftm).  This  results  in  practically  negligible  solid  state  shrinkage  during  heating.  For  example,  a 
90%W-7%Ni-3%Fe  composition  by  weight  densities  to  98%  and  90%  of  theoretic^  for 
respectively  0.7  fim  and  3.2  /im  average  tungsten  particle  size  sintered  at  I400°C  for  1  hour.  In 
the  same  time,  the  processing  of  these  alloys  through  liquid  phase  sintering  occurs  at  temperatures 
as  high  as  1520‘’C  due  to  the  high  melting  point  of  the  nickel  based  matrix  phase. 

On  one  hand,  nickel  is  beneficial  in  the  densification  of  WHA.  In  fact  tungsten  has  a  high 
solubility  in  nickel  which  favors  enhanced  solution-reprecipitation.  On  the  other  hand,  the  high 
solubility  of  tungsten  in  the  matrix  results  in  accelerated  grain  growth  and  accordingly  a  coarse 
microstructure  may  resuii. 

Therefore  our  attention  has  focused  on  matrices  based  on  nickel  with  alloying  additions  that  lower 
the  liquid  formation  temperatures  and  limit  the  solubility  of  tungsten  in  the  liquid  phase.  A  low 
solubility  of  tungsten  in  the  liquid  phase  is  favorable,  since  it  allows  for  a  finer  grain  size  which 
consequently  yields  high  mechanical  performance  112].  In  addition,  low  sintering  temperatures 
reduce  the  cost  in  processing  of  tungsten  heavy  alloys. 

In  the  development  of  a  new  heavy  alloy,  solubility  criteria  between  the  alloying  elements  and 
tungsten  need  to  be  considered.  In  the  first  part  of  this  work,  the  above  criteria  coupled  with  a 
theoretical  treatment  of  the  capillary  induced  rearrangement  stage  and  grain  growth  are  presented. 
This  theoretical  treatment  provides  a  basis  for  understanding  liquid  phase  sintering  with  respect 
to  tungsten  heavy  alloys.  We  then  proceed  to  the  development  of  a  new  heavy  alloy,  W-Ni-Mn. 
The  processing  and  the  densification  kinetics  are  emphasized.  The  microstructure  evolution  in 
this  system  is  examined  with  respect  to  the  processing  conditions.  The  resulting  properties  of  this 
new  heavy  alloy  are  then  compared  to  the  more  traditional  heavy  alloys. 
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Theoretical  Investigation 

In  searching  for  an  alloying  element  for  nickel,  the  following  criteria  were  adopted; 

1 .  complete  solubility  between  nickel  and  the  alloying  element, 

2.  depressed  melting  point  with  the  addition  of  the  alloying  element, 

3.  low  solubility  of  tungsten  in  the  alloying  element, 

4.  low  solubility  of  the  alloying  element  in  tungsten, 

5.  avoidance  of  intermetallic  formation  between  W  and  the  alloying  element. 

The  depressed  melting  point  on  alloying  nickel  avoids  sintering  at  high  temperatures.  A  low 
solubility  of  tungsten  in  the  alloying  element  is  favorable  to  slow  grain  growth  and  allow  for 
microstructural  refinement;  consequently,  improved  mechanical  performance.  The  mechanical 
performance  is  degraded  when  an  intermetallic  forms  between  tungsten  and  the  alloying  elements, 
since  the  tungsten-matrix  interface  cohesion  is  lowered. 

Figure  1  is  a  binary  phase  diagram  of  the  nickel-manganese  system  [13].  As  shown  in  this  figure, 
liquid  formation  is  achieved  at  temperatures  as  low  as  1040‘’C  for  the  40wt%  nickel  and  60wt% 
manganese  composition.  Both  nickel  and  manganese  have  complete  solubility  in  each  other. 
Unfortunately,  the  W-Mn  phase  diagram  is  not  available  in  the  literature.  Nevertheless  it  is 
reported  [90,91]  that  liquid  Mn  has  no  solubility  for  tungsten.  This  observation  will  be  confirmed 
later  using  microprobe  analysis.  Therefore,  it  is  expected  that  the  addition  of  Mn  to  the  W-Ni 
system  will  result  in  a  refinement  of  the  microstructure  due  to  decreasing  the  solubility  of 
tungsten  in  the  matrix  and  possibly  decreasing  its  diffusion  coefficient  [7,12]. 

The  Ni-Mn  binary  phase  diagram  shows  a  large  field  of  intermetallics  of  nickel  and  manganese. 
These  intermetallics  will  not  affect  the  sintering  behavior  in  W-Ni-Mn,  since  the  processing 
region  of  interest  occurs  at  the  onset  of  liquid  formation.  Further,  nickel  stabilizes  ganuna 
manganese  (y  Mn)  which  has  a  FCC  structure  and  is  its  most  ductile  phase.  Aside  from 
thermodynamic  considerations,  the  selection  of  a  new  heavy  alloy  processed  through  LPS  requires 
good  wetting  of  the  solid  phase  (tungsten)  by  the  liquid  phase.  Wetting  induces  capillary  forces 
that  result  in  the  approach,  rearrangement  of  particles  and  consequently  densification  of  the 
compact. 

Rearrangement  During  Liquid  Phase  Sintering 

Various  investigators  [14-18]  have  considered  the  rearrangement  stage  during  liquid  phase 
sintering.  However,  no  effort  was  applied  to  compare  the  time  scales  involved  in  rearrangement 
with  experimental  observations.  The  purpose  of  this  analysis  is  to  find  the  time  limiting  factor 
for  the  rearrangement  stage  during  liquid  phase  sintering.  Previous  experimental  in  situ 
observations  of  rearrangement  [15,19,20]  show  that  it  takes  from  seconds  to  minutes  for 
rearrangement  processes  in  a  loose  powder  packing.  Further,  within  the  whole  process, 
instantaneous  regrouping  of  particles  occurred  in  clusters,  but  not  uniformly  throughout  the 
compact.  In  the  first  part  of  this  analysis,  the  capillary  forces  and  the  time  scales  involved  in 
rearrangement  shrinkage  are  treated,  then  the  findings  are  compared  with  the  time  scales  for  heat 
transfer  through  a  porous  powder  compact  at  the  melting  point  of  the  matrix.  In  this  method,  a 
time  limiting  factor  can  be  established. 
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In  the  case  of  two  panic' ^  connected  by  a  liquid  bridge,  capillary  forces  arise  due  to  the  surface 
tension  of  the  liquid  -v  yor  and  the  liquid-solid  interfaces.  A  model  geometry  describing  the  above 
configuration  was  ^lesented  by  Hwang  and  German  (21]  and  is  given  in  Figure  2.  In  this  figure, 
6  is  the  contact  angle  between  the  liquid  and  the  solid,  and  are  the  radii  of  the  large  and 
the  small  panicles,  a  and  /3  are  the  angles  at  which  the  solid-liquid-vapor  phases  intersect  at 
points  Pt  and  Ps  for  the  large  and  small  spherical  panicles,  O  is  the  interpanicle  separation 
distance,  S  and  T  are  the  two  radii  of  curvature  at  any  point  on  the  liquid  profile,  where  T  is  in 
a  plane  orthogonal  to  the  X-Y  plane  containing  S,  and  (t>  is  the  angle  between  the  X-axis  and  the 
surface  tension  vector  7lv  •  The  capillary  force  between  the  two  spheres  is  then  calculated  using 
the  well  known  force  equation  (16,22); 

F  =  YYlvCOS  (4>)  (1) 

The  first  term  in  Equation  1  describes  the  pressure  at  any  cross-section  of  the  liquid  perpendicular 
to  the  X-axis  arising  from  the  curvature  of  the  liquid  meniscus.  The  pressure  term  arising  from 
the  perimeter  of  contact  of  the  liquid  cross-section  is  given  in  the  second  term  of  Equation  1 . 

The  above  approach  is  extended  to  the  shrinkage  and  swelling  phenomena  associated  with  the 
capillary  effect.  First  the  capillary  forces  as  a  function  of  the  particle  separation  are  calculated. 
Following  the  work  of  Fortees  (17)  and  using  Newton’s  second  law,  this  force  can  then  be 
expressed  as; 


F  = 


M. 


d^D 

dt^ 


(2) 


In  Equation  2,  M,  is  the  reduced  mass  of  the  two  particles  (i.e.  the  sum  of  the  two  masses 
divided  by  2)  and  D  is  the  interparticle  separation.  In  the  work  of  Fortees,  however,  a  circular 
approximation  to  the  liquid  profile  was  used,  where  the  radius  of  curvature  1/S  in  Figure  2  is 
constant.  This  is  not  appropriate  since  the  radius  of  curvature  1/T  orthogonal  to  1/S  is  not 
constant.  Such  an  assumption  results  in  a  variation  of  the  pressure  Plv  along  the  liquid  meniscus 
and  therefore  a  distortion  in  its  profile. 

The  next  step  consists  of  writing  the  viscous  drag  term  as  a  function  of  the  interparticle  distance 
and  time. 


Wliere  j;  and  Vf  are  the  liquid  viscosity  and  volume  fraction  and  f  is  the  cross  sectional  area  at 
any  distance  X.  In  Equations  3,  the  liquid  phase  is  assumed  Newtonian.  For  the  calculation  of 
the  capillary  forces,  Equation  1  is  solved  as  a  function  of  the  interparticle  distance.  To  calculate 
the  times  involved  in  the  re;  angement  processes.  Equation  2  is  equated  to  the  capillary  term 
(Equation  1)  less  the  viscous  arag  term  (Equation  3). 

Figures  3  and  4  are  plots  of  the  dimension-less  capillary  force,  (F/(7^,  Rj)  where  Rs  is  the  radius 
of  the  small  particle,  as  a  function  of  the  interparticle  distance.  As  shown  in  these  figures,  aside 
from  the  contact  angle,  the  particle  size  ratio  (the  radius  of  the  large  particle  divided  by  the  radius 
of  the  small  particle,  denoted  C)  and  the  liquid  volume  fraction  (Vf)  have 
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a  noticeable  effect  on  the  capillary  force.  In  fact,  as  the  size  ratio  increases,  the  normalized 
capillary  force  on  the  small  particle  increases.  As  a  consequence,  for  a  system  where  there  is  no 
solubility  of  the  solid  in  the  liquid,  a  broad  particle  size  disuibution  would  yield  higher  shrinkage 
than  that  of  monosize  particles.  The  effect  of  the  volume  fraction  of  liquid  is  also  explored.  From 
Figure  4,  we  can  see  that  low  liquid  volumes  promote  higher  capillary  forces  as  also  observed 
by  Cahn  and  Heady  [16].  Consequently  a  homogeneous  distribution  of  the  liquid  phase  between 
the  solid  phase  can  promote  high  densification  due  to  capillary  forces  without  the  need  for  large 
volume  fractions  of  liquid. 

Since  W-Ni-Mn  data  are  not  available  for  the  time  calculations,  we  will  use  W-Cu  as  an  upper 
bound  estimate  since  copper  has  a  very  high  thermal  conductivity.  Using  Equation  1-3  and  data 
for  W  and  Cu  at  the  melting  temperature  of  Cu.  For  all  iterations  involved  in  solving  the 
differential  equation  2,  the  times  involved  are  on  the  order  of  microseconds.  For  a  multiparticle 
system,  we  assume  that  the  times  over  each  pair  of  approaching  particles  are  additive.  For 
example,  for  a  cube  of  1  cm^  volume  consisting  of  a  cubic  close  packing  of  particles,  assuming 
that  the  particles  are  monosize  and  separated  by  liquid  bridges  of  length  0.25  times  the  particle 
size,  then  the  times  for  the  rearrangement  process  to  occur  is  6.9  ms,  and  29.1  fis  for 
respectively  1  and  lOO/xm  tungsten  particle  sizes.  In  this  calculation,  we  have  added  the  times  of 
approach  of  particles  over  half  the  diagonal  of  the  cube,  the  contact  angle  is  8°,  the  volume 
fraction  of  the  liquid  phase  is  0.1.  The  above  findings  do  not  agree  with  in-situ  observations, 
with  reported  times  in  the  range  of  seconds,  suggesting  that  another  phenomena  is  governing 
rearrangement  for  metal  systems  with  respect  to  the  time  scales  involved. 

Since  the  times  involved  in  the  rearrangement  stage  do  not  agree  with  experimental  observations, 
the  thermal  transport  from  the  surface  to  the  center  of  a  composite  structure  is  considered  at  the 
melting  point  of  the  matrix.  The  time  difference  for  the  center  of  the  sphere  to  reach  the  surface 
temperature  is; 


where  L  is  the  radius  of  the  sphere  and  k  is  the  thermal  diffusivity.  Using  Equation  4,  for  W, 
Cu,  and  Fe  the  time  differences  are  respectively  0.11,  0.05,  and  0.85  s.  However,  the  real 
problem  at  hand  consists  of  calculating  the  times  for  heat  transfer  in  a  three  phase  specimen,  the 
solid,  liquid,  and  pore  phases. 

In  the  case  of  a  loose  powder  or  a  powder  compact,  heat  transfer  at  high  temperatures  is 
governed  by  conduction  through  the  particle  contacts,  conduction  in  the  pores  due  to  the  vapor 
phase  (in  the  case  of  vacuum  this  is  not  valid),  convection  due  to  the  gas  in  the  pores,  and 
radiation  in  the  pores.  The  radiation  effect  has  a  major  contribution  at  high  temperatures  and 
vacuum.  In  this  analysis,  only  the  effects  of  radiation  and  conduction  on  the  thermal  conductivity 
of  the  composite  are  considered,  since  the  contribution  of  convection  is  only  valid  for  large  pore 
sizes  (in  the  mm  range).  Luikov  et  al.  (231  calculated  the  effective  thermal  conductivity  for  loose 
and  compacted  powders  giving  an  expression  depending  on  porosity,  thermal  conductivity  of  the 
solid  and  gas  phases.  Using  the  analysis  of  Luikov  and  equation  4,  heat  transfer  times  vary  from 
0.3  to  0.7  s  and  1  to  3  s  for  the  W-30Cu  and  Fe-Cu  systems,  as  the  porosity  varies  from  30  to 
60%.  In  the  above  cases,  the  gas  pha.se  is  hydrogen.  When  particle  contacts  are  considered, 
especially  in  the  case  of  loose  powders,  a  lower  bound  for  the  effective  thermal  conductivity  of 
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Figure  3.  Capillary  forces  as  a  function  of  interparticle  distance  for  a  particle  size 
ratio  of  S,  0.01  volume  fraction  of  liquid,  and  contact  angles  of  8, 

45,  and  85°. 
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Figure  4.  Capillary  forces  versus  interparticle  distance  for  an  8°  contact  angle 
configuration.  (C  is  the  particle  size  ratio  and  V,  is  the  liquid  volume 
fraction) 
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the  composite  approaches  that  of  the  thermal  conductivity  of  the  gas  phase.  In  fact,  for  a  steel 
powder,  in  a  atmosphere,  the  experimental  value  for  the  effective  thermal  conductivity  in  the 
case  of  37%  porosity  is  2.34  W/(m  K)  as  opposed  to  0.52  W/(m  K)  for  a  steel  (in  air)  case  at 
low  temperatures  [103].  As  a  conclusion,  the  times  for  the  thermal  heat  transfer  for  a  sphere  (0.5 
cm  in  diameter)  is  on  the  order  of  several  seconds. 

The  times  observed  in  the  rearrangement  stage  during  liquid  phase  sintering  in  metal  systems  are 
higher  than  those  calculated  for  the  approach  of  particles  due  to  wetting  liquid  bridges.  In 
contrast,  the  observed  rearrangement  times  agree  with  those  calculated  for  heat  transfer  through 
a  composite  powder  compact.  This  indicates  that  heat  transfer  is  the  time  limiting  factor  for 
rearrangement.  Further,  the  times  involved  for  the  approaches  of  particles  (microseconds)  agree 
with  the  time  scales  observed  for  the  localized  particle  regrouping  observed  in-situ.  Heat  transfer 
can  be  considered  as  a  global  effect  governing  the  time  for  rearrangement  with  the  approach  of 
particles  due  to  capillary  attraction  as  a  local  phenomena.  In  the  above  analysis,  we  treated  heat 
transfer  for  a  composite  sphere  of  0.5  cm  diameter.  From  Equation  4,  the  times  vary  linearly 
with  the  compact  dimension  squared.  Therefore,  below  a  specific  specimen  dimension,  the  times 
for  rearrangement  will  be  comparable  to  the  times  for  the  approach  of  particles.  In  Figures  3.9 
and  3.10,  we  illustrate  this  phenomena  for  the  W-30Cu  and  Fe-30Cu  systems,  respectively.  For 
both  cases,  in  the  calculations  of  the  times  due  to  capillary  forces,  the  contact  angle  is  8°,  the 
particle  size  ratio  is  1  (monosize  particles  with  l/im  particle  size)  and  the  liquid  volume  fraction 
is  0.1.  The  lines  shown  in  Figures  6  and  7  represent  a  dimensional  transition  between  capillary 
and  heat  transfer  time  control.  The  calculations  involved  are  as  follows;  The  time  increments  in 
the  radial  direction  over  each  liquid  bridge  for  a  composite  sphere  of  radius  L,  are  added.  The 
time  is  then  equated  to  that  for  heat  transfer.  Equation  4.  The  resulting  quadratic  equation  is  then 
solved  for  the  radius  L.  In  this  analysis,  the  effect  of  porosity  is  indirectly  incorporated  through 
the  thermal  diflusivities  as  outlined  in  Luikov’s  work  [23]. 

In  the  above,  only  metal  systems  were  considered  to  calculate  approximate  heat  transfer  times. 
For  ceramic  systems  there  are  two  cases  to  consider:  crystalline  and  amorphous  systems  as  the 
matrix  phase.  In  the  latter  case,  the  matrix  does  not  have  a  distinct  melting  point  but  rather  a 
transition  temperature  region.  In  this  transition  region,  the  viscosity  of  the  matrix  changes  orders 
of  magnitude  as  a  function  of  temperature.  Additionally,  the  viscosities  of  glasses  are  much 
higher  than  that  of  metals.  This  provides  a  higher  viscous  drag  effect  than  observed  with  metal 
systems.  As  the  viscosity  decreases  at  high  temperatures,  higher  shrinkage  or  expansion  can  be 
observed.  Therefore  the  analysis  of  Kingery  [14]  for  obtaining  a  shrinkage  dependence  on  time 
is  fairly  correct  since  it  is  based  on  a  viscous  flow  model.  However,  in  the  case  of  crystalline 
matrix  systems,  one  should  consider  heat  transfer  since  the  matrix  has  a  distinct  melting  point. 
Thermal  conductivities  of  oxide  ceramics  are  lower  than  that  of  metals.  Using  the  same  analysis 
given  in  the  previous  section,  times  for  heat  transfer  could  range  up  to  several  minutes. 
Accordingly  heat  transfer  is  considered  the  time  limiting  factor  for  rearrangement. 

Since  the  times  for  rearrangement  are  on  the  order  of  seconds,  experimental  control  (such  as 
modification  of  the  sintering  cycles  to  enhance  densification  due  to  rearrangement)  over  this  stage 
is  difficult.  On  the  other  hand,  to  obtain  similar  or  better  mechanical  properties  than  the  more 
traditional  heavy  alloys,  in  the  W-Ni-Mn  system,  the  solubility  of  tungsten  in  the  liquid  phase  and 
the  sintering  cycle  can  be  adjusted,  to  avoid  accelerated  grain  growth. 
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Grain  Growth 

The  theory  of  diffusion  controlled  grain  growth  trom  supersaturated  solutions  has  found  extensive 
considerations  in  the  past  and  present  [24-321.  Understanding  grain  growth  enables  us  to  better 
control  microstructures  in  systems  such  as  liquid  phase  sintering,  precipitate  growth  in  steels  and 
superalloys,  and  from  solutions  in  chemical  processing.  Lifshitz  and  Slyosov  124]  concurrent  with 
Wagner  [25],  hereafter  denoted  LSW,  established  a  theoretical  basis  for  analyzing  the  diffusion 
controlled  growth  phenomena.  Since  the  number  of  precipitates  or  grains  in  a  system  is  large, 
grain  growth  is  treated  in  a  continuum  basis  using  statistical  analysis.  Therefore  three 
considerations  are  involved  when  treating  grain  growth,  1)  kinetics  of  growth,  2)  conservation 
of  mass  at  steady  state,  and  3)  continuity  of  grain  sizes.  In  the  kinetic  equation,  LSW  do  not 
consider  the  interaction  between  the  diffusion  fields  around  the  grains  assuming  that  they  interact 
with  a  mean  field  located  at  infinity  [31].  Iherefore  their  analysis  is  only  applicable  to  an 
infinitesimal  volume  fraction  of  precipitates.  From  this  foundation,  different  researchers  have 
treated  grain  growth  to  include  the  interactions  between  the  diffusion  fields  around  the  grains. 
Modifications  to  the  LSW  analysis  can  be  carried  either  through  the  continuity  equation  to 
account  for  coalescence  or  the  kinetic  equation  to  include  the  interaction  of  overlapping  diffusion 
fields. 

In  the  present  work  both  approaches  were  used.  In  so  doing,  the  Brailsford-Wynblatt  analysis  [26] 
for  the  kinetic  equation  was  adopted  since  it  allows  for  diffiisional  interaction  between  the 
coarsening  grains.  A  coalescence  probability  function  is  then  included  in  grain  coarsening.  From 
experimental  observations  of  the  coalescence  process  the  following  criteria  can  be  deduced, 

*  TEM  analysis  of  contacting  grains  revealed  that  some  of  them  have  a  liquid  film  at  the 

contact  region  and  some  do  not  [33], 

*  In  the  case  of  two  coalescing  grains,  both  sides  of  the  contact  show  similar 

crystallographic  orientations  [34). 

*  The  amount  of  coalescing  grains  is  small  and  ranges  from  3  to  5%  of  the  total  number 

of  grains  [35]. 

In  the  tungsten  heavy  alloy  systems,  (W-Ni,  W-Ni-Fe,  W-Ni-Co,  W-Ni-Mn),  coalescence  events 
are  observed.  At  1500°C,  the  tungsten  solid-vapor  and  nickel  liquid-vapor  surface  energies,  7sv 
and  Ylv  are  respectively  2.62  and  1.85  J/m*  and  the  average  contact  angle  6  is  between  10  and 
20°  [36].  assuming  that  Young’s  equation  is  correct,  the  corresponding  average  value  for  the 
solid-liquid  surface  energy  can  be  estimated  to  be  0.8  J/m^.  From  the  surface  energy  value 
calculated  above  and  the  average  dihedral  angle  of  25°  [37],  The  resulting  average  W-W 
interfacial  energy  is  1.56  J/m^.  This  value  is  lower  than  that  for  the  configuration  of  two  grains 
separated  by  a  liquid  indicating  that  coalescence  is  favorable  in  this  system.  For  the  Fe-Cu 
system,  the  average  solid-liquid  surface  energy  is  0.375  J/m^  as  compared  to  0.65  J/m^  for  the 
solid-solid  surface  energy  [38J.  Again,  coalescence  is  favored.  Moreover,  some  of  the  coalescing 
grains  have  a  thin  liquid  film  between  them  and  some  do  not.  Therefore  coalescence  appears  to 
be  favored  by  the  orientation  of  grains  to  form  a  low  energy  boundary  [33]. 

Courtney  [33]  considered  the  probability  fr  -  coalescence  between  two  contacting  grains,  in  his 
treatment,  energy-misorientation  relationships  and  geometrical  probabilities  were  used.  The 
probability  for  coalescence  between  two  grains,  P,  is  found  to  be  dependent  on  the  extent  of  grain 
misorientation  <f>,  the  average  .solid-liquid  surface  energy  y  and  the  average  solid-solid  surface 
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energy  ys,, 


P  =  -  cos(i^<t»))  (5) 

10  Y55  Yss 

The  angle  ^  in  Equation  S  is  reported  to  have  an  average  value  of  12  ±  5°  for  a  wide  vari^ 
of  materials  [33]. 

Manganese  has  a  high  vapor  pressure  above  its  melting  point.  Therefore  in  the  investigation  of 
the  coarsening  behavior  of  these  alloys,  a  90W-4Ni-6Mn  composition  by  weight  was  considered. 
This  composition  was  chosen  since  the  liquid  formation  temperature  is  the  lowest,  therefore 
avoiding  Mn  loss  upon  sintering.  After  mixing  and  pressing  the  elemental  powders,  sintering 
followed  at  llOO^C  in  a  atmosphere  for  0,  1,  2,  4,  8,  and  16  hours.  After  sintering,  the 
samples  were  polished  and  the  grain  size  was  measured  using  the  mean  chord  intercept  method. 
For  the  1,  2,  4,  8,  and  16  hours  sintering  times,  the  densities  were  above  95%  of  theoretical  and 
no  major  increase  in  the  sintered  densities  was  seen  with  extended  times.  This  observation  insured 
that  2d)Ove  1  hour  sintering  time  the  only  sintering  event  involved  was  grain  coarsening.  To 
identify  the  mechanism  involved  in  the  coarsening  of  these  alloys,  the  average  grain  size  cubed 
less  is  plotted  versus  time  in  Figure  7.  Regression  analysis  gave  a  value  of  3. 1  for  the  growth 
exponent  with  a  growth  rate  constant  K  of  2.1x10'^'  m*/s.  Figure  8  is  a  plot  of  the  standard 
deviation  of  the  grain  size  distribution  for  each  sintering  hold  versus  the  decimal  logarithm  of  the 
ratio  of  the  intercept  length  and  the  intercept  length  at  cumulative  50% .  As  seen  in  this  figure  all 
the  grain  size  distributions  exhibit  a  self  similar  behavior.  The  solid  line  denoted  CMDF 
represents  the  coalescence  modified  distribution  function,  incorporated  to  the  Brailsford  and 
Wynblatt  analysis,  for  a  solid  volume  fraction  of  80%  (similar  to  the  90W-6Mn-4Ni  by  weight 
composition)  and  coalescence  probability  of  3.5%  calculated  using  Equation  5  for  the  W-Ni 
system,  BW  represents  the  Brailsford  and  Wynblatt  distribution,  and  50%  represents  the  CMDF 
with  a  coalescence  probability  of  50%. 

The  microstructures,  of  the  different  sintering  times,  exhibit  spherical  grain  morphologies  typical 
of  tungsten  heavy  alloys.  The  grain  growth  exponent  of  3.1,  coupled  with  the  tungsten  grain 
shape  indicate  that  the  a)a>  ling  mechanism  is  controlled  by  the  diffusion  of  tungsten  through 
the  W-Ni-Mn  matrix  in  contrast  with  surface  controlled  growth  where  the  grain  growth  exponent 
is  usually  2  and  the  solid  grains  exhibit  faceted  shapes  as  seen  in  the  cemented  carbides  [7]. 
Further  ail  the  grain  size  distributions  exhibit  self  similar  behavior  as  shown  in  Figure  8.  This 
behavior  is  typical  of  Ostwald  ripening  where  growth  proceeds  by  the  dissolution  of  the  fine 
grains  and  growth  of  the  large  grains  [24],  The  self  similar  behavior  arises  from  the  fact  that  as 
fine  grains  dissolve  in  the  matrix  and  large  grains  grow  the  average  grain  size  shifts  to  a  higher 
value  and  the  same  process  proceeds  again  [24,26-28].  The  coalescence  modified  distribution 
function  CMDF  shows  a  good  fit  with  the  observed  experimental  data  for  the  90W-6Mn-4Ni 
except  at  the  low  and  high  ends  of  the  distribution.  At  the  low  end  of  the  grain  size  distribution, 
the  CMDF  overestimates  the  probability  of  finding  small  grain  sizes  and  at  the  high  end,  it 
underestimates  the  occurrence  of  the  're  grains.  Since  the  grain  size  effect  was  not  incorporated 
in  the  CMDF,  this  discrepancy  arose.  In  fact,  since  large  grains  have  high  coordination  numbers, 
their  probability  of  coalescence  with  any  other  particles  increases.  For  small  grains,  however, 
their  low  coordination  number  results  in  a  lower  coalescence  probability.  For  CMDF  distribution 
with  a  50%  coalescence  probability,  it  can  be  seen  that  the  grain  size  distribution  becomes  broader 
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coalescence.  However,  it  should  be  emphasized  that  the  three  curves,  BW,  CMDF  at  a  3.5%  and 
50%  coalescence  probabilities  do  not  show  large  dissimilarities  in  the  overall  behavior  of  the 
grain  size  distribution  function.  The  reason  for  this  behavior  is  due  to  the  similar  grain  size 
dependency  on  time  for  diffusion  and  coalescence  controlled  grain  coarsening  [39].  In  fact  when 
two  particles  coalesce,  even  though  their  effective  volume  increases  the  radii  of  curvature  at  each 
side  of  the  two  necking  grains  is  still  the  same  as  prior  to  coalescence.  At  this  point,  growth 
proceeds  by  a  process  similar  to  evaporation-condensation  in  solid  state  sintering  [39].  However 
in  this  case  the  medium  is  the  liquid  matrix  rather  than  the  vapor  phase.  Consequently,  diffusion 
of  the  solid  grain  species  through  the  matrix  is  the  time  limiting  factor  for  growth  by  coalescence. 

The  grain  growth  exponent  of  2.1x10'^’  m’/s  is  well  below  that  observed  in  90W-7Ni-3Fe,  IxlO"'* 
m^/s.  Since  the  manganese  addition  to  W-Ni  results  in  a  lower  solubility  of  tungsten  in  the 
matrix,  the  grain  growth  rate  is  decreased. 

In  all  the  proceeding  analysis,  the  tungsten  powder  used  is  M-3S  and  all  compositions  are  given 
in  a  weight  percent  basis  unless  stated  otherwise. 

Solubility  of  W  in  the  Matrix 

For  the  determination  of  the  W  solubility  in  Ni-Mn,  elemental  W,  Ni,  and  Mn  powders  with 
varying  Ni/Mn  ratios  were  mixed,  pressed,  and  sintered.  For  each  composition,  the  tungsten 
content  is  kept  at  90t%.  The  sintering  temperature  for  each  composition  was  selected  to  be  1 10% 
of  the  homologous  temperature  of  the  liquid  phase  with  respect  to  the  Ni-Mn  binary  phase 
diagram.  Sintering  consisted  of  a  10®C/min  heating  rate  then  a  1  hour  hold  followed  by  water 
quenching.  After  metallographic  preparation,  microprobe  analysis  was  performed.  For  each 
specimen  six  microprobe  composition  measurements  were  taken  in  the  matrix.  Figure  9  shows 
the  average  values  for  the  solubility  of  tungsten  as  a  function  of  the  Ni/Mn  ratio.  As  illustrated 
in  Figure  9,  the  tungsten  solubility  in  Ni-Mn  decreases  as  the  manganese  content  increases.  This 
trend  is  expected  since  tungsten  has  no  solubility  in  manganese.  Further,  nickel  and  manganese 
form  a  complete  solid  solution  (substitutional  solid  solution),  at  high  ratios  of  Mn/Ni  4/1  and  1/0, 
the  densification  mechanism  is  expected  to  shift  from  solution-reprecipitation  to  solid-state 
sintering  of  the  tungsten  skeleton  as  observed  in  W-Cu  systems  where  tungsten  has  almost  no 
solubility  in  Cu  [62].  Therefore  a  highly  contiguous  microstructure  results  as  shown  in  Figure 
10a.  As  the  Mn  to  Ni  ratio  is  decreased,  the  grains  show  spherical  morphology.  Figure  lOb-c, 
indicating  that  solution-reprecipitaion  occurred,  this  effect  is  further  proved  through  the 
coarsening  behavior  in  the  90W-6Mn-4Ni  system. 

Processing  of  W-Ni-Mn 

In  the  processing  of  W-Ni-Mn  two  variables  should  be  considered;  1)  The  high  oxidation 
potential  of  manganese  and  2)  its  high  vapor  pressure  above  the  melting  point.  These  two  factors 
not  only  affect  the  microstructure  after  sintering  but  also  impose  an  upper  bound  on  the  sintering 
temperature.  They  further  guide  the  selection  of  hydrogen  as  the  sintering  atmosphere.  For 
example  vacuum  sintering  is  not  suitable  in  this  system,  because  there  is  no  kinetic  inhibition  to 
manganese  evaporation. 


40: 


Figure  9. 


The  measured  solubility  of  tungste 
specimens  processed  at  110% 
hydrogen. 


a  b 

Figure  10.  Optical  micrographs  of  90W  witl 
and  c)  4/1,  sintered  at  1 10%  of  t 
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temperatures.  The  "eight  loss  is  mainly  attributed  to  manganese  evaporation  due  to  its  high  vapor 
pressure  at  the  sintering  temperatures.  The  weight  losses  shown  in  Figure  1 1  can  not  be  solely 
attributed  to  manganese  evaporation  because  two  mechanisms  can  be  concurrently  occurring;  1 . 
Mn  evaporation  in  the  form  of  the  pure  element  or  MnO,  2.  Oxide  reduction  of  tungsten  and 
nickel  by  hydrogen.  The  oxidation  of  Mn  also  proceeds  by  water  vapor  and/or  oxygen  from  the 
enviroiunent  (W  and  Ni)  and  the  atmosphere.  The  evaporating  species  identified  by  X-rays  are 
manganese  and  manganese  oxide. 

Manganese  also  has  a  high  oxidation  potential.  For  the  oxide  reduction  of  manganese  using 
hydrogen  as  the  processing  atmosphere,  we  consider  the  following  reactions; 

MnOis)  -  Mn(s)  +  -iOjCg)  (6) 


H^Oig)  (7) 

Summing  reactions  6  and  7  and  their  free  energies  of  formations  [41]  yields, 

MnOis)  +  H^ig)  ••  Mnis)  +  H^Oig)  (8) 


AGr  =  138,700  -  18  Tijoules/mole) 


The  reaction  constant  for  the  equilibrium  chemical  reaction  8  is  given  as. 


■  H,0 


-138.700  +  187, 


eq 


(9) 

(10) 


where  R  is  the  gas  constant  and  T  is  the  temperature  in  K.  In  the  above  equations  we  have 
assumed  that  the  activities  of  the  solid  phases  are  1.  Figure  12  is  a  plot  of  the  equilibrium  water 
and  hydrogen  vapor  pressures  versus  temperature  for  the  chemical  reaction  8.  Figure  12  shows 
that  even  at  very  dry  hydrogen  condition  (I  ppm),  the  reduction  of  manganese  oxide  is 
thermodynamically  unfavorable.  Due  to  the  manganese  affinity  for  oxygen,  a  high  Ni/Mn  ratio 
should  be  considered  to  achieve  high  densification  with  low  oxide  contamination  of  the 
microstructure. 

From  Table  1  we  single  out  two  compositions  promising  for  full  densification,  the  3/2  and  4/1 
nickel  to  manganese  ratios.  Upon  tungsten  reduction  prior  to  mixing  of  the  90W-6Ni-4Mn 
composition,  the  Iractional  density  has  increased  from  97.7%  for  the  untreated  powders  to  98.3% 
of  theoretical,  the  resulting  microstructure  is  shown  in  Figure  13.  Therefore  better  control  over 
the  hydrogen  purity  and  a  low  oxygen  content  in  the  powders  prior  to  sintering  is  a  must  for  full 
densification  in  these  alloys.  From  oxidation,  high  manganese  vapor  pressure,  and  sintered 
density  criteria,  Ni/Mn  ratios  of  1/4  and  2/3  are  eliminated.  However,  from  sintering  temperature 
considerations  the  90W-6Ni-4Mn  composition  (i.e.  Ni/Mn  ratio  of  3/2)  is  favorable 


1150  1250  1350  1400  1450  1500  1550 

t«inp*ratur«.*C 

Figure  11.  The  weight  loss  versus  sintering  temperature  for  a  90W  with  varying 
Ni/Mn  ratios,  1  hour  sintered  in  a  atmosphere,  for  cylindrical  samples 
of  12.74  mm  diameter  and  around  8  mm  height. 
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Figure  12.  The  equilibrium  water  and  hydrogen  vapor  pressures  versus  temperature 
for  the  oxidation-reduction  of  pure  manganese. 
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higher  for  the  latter  composition.  Further,  the  mechanical  properties  (presented  in  the  next 
section)  of  the  Ni/Mn  with  a  composition  ratio  of  3/2  are  superior  to  that  of  the  4/1  ratio.  From 
the  above  considerations,  we  select  the  3/2  nickel  to  manganese  ratio  as  an  optimum  matrix 
composition  to  achieve  high  densifications  concurrent  with  high  mechanical  performance. 

Mechanical  Propo'ties 

For  the  evaluation  of  the  mechanical  properties  in  the  W-Ni-Mn  system,  the  compositions  tensile 
tested  were  90W-8Ni-2Mn  sintered  at  1300  and  1400°C  for  1  hour,  90W-6Ni-4Mn,  85W-9Ni- 
6Mn,  and  80W-12Ni-8Mn  sintered  at  1200°C  for  1  hour  Hj. 

During  tensile  testing,  the  as-sintered  specimens  showed  no  ductility  and  failed  at  the  grips. 
Figure  14  shows  characteristic  fracture  surfaces  in  this  system.  As  shown  in  this  figure,  the 
tungsten  grains  exhibit  no  cleavage.  In  fact  brittle  failure  has  occurred  at  the  matrix-tungsten 
grains  interface.  This  is  evident  from  the  matrix  pull-out  shown  in  the  above  figure.  Hydrogen 
embrittlement  can  also  play  a  role  in  the  degraded  properties  of  these  specimens.  To  single  out 
the  role  of  hydrogen,  specimens  of  90W-6Ni-4Mn  are  heat  treated  in  argon  at  1 100°C,  lOOO'C, 
and  900°C  for  1  hour  and  furnace  cooled.  The  argon  treatment  ensures  that  hydrogen  degassing 
occurred.  These  samples  still  failed  prematurely.  The  premature  failure  of  the  as  sintered 
specimens  can  be  traced  back  to  the  nickel -manganese  binary  phase  diagram,  Figure  1 .  As  shown 
in  this  figure,  there  is  a  large  field  of  intermetallics  under  the  solidus  curve.  Therefore  during 
cooling  from  the  sintering  temperature,  the  microstructure  undergoes  phase  changes  according 
to  the  phase  diagram  and  intermetallics  form.  Intermetallic  formation  in  the  matrix  is  detrimental 
to  the  mechanical  properties  (40-44].  Another  embritteling  phase  usually  observed  in  the 
processing  of  W-Ni  and  W-Ni-Fe  is  the  Ni«W  intermetallic.  This  phase  persists  at  temperatures 
below  970°C  during  cooling  from  the  sintering  temperature.  As  a  consequence  fracture  occurs 
at  the  W-matrix  interface  preventing  any  tungsten  cleavage. 

After  sintering,  specimens  of  the  90W-6Ni-4Mn  composition  were  quenched  from  950,  1000, 
and  1050°C  in  a  water  bath.  The  heat  treatment  atmosphere  used  is  argon.  The  quenching 
temperature  was  selected  so  that  the  microstructure  is  in  a  field  where  no  intermetallic  formation 
occurs  and  below  the  liquidus  formation  temperature  shown  in  Figure  1.  The  950°C  quenching 

temperature  was  chosen  to  test  if  in  the  W-Ni-Mn  ternary  system  the  Ni^W  phase  (occurring 
below  970°C)  contributes  to  the  degradation  of  these  alloys.  For  the  above  quenching 
temperatures  the  resulting  ultimate  tensile  strength  was  900  MPa  with  a  10%  elongation  to 
failure.  Figure  15  is  a  typical  SEM  micrograph  of  fracture  surfaces  for  the  water  quenched 
specimens.  The  tungsten  grains  in  this  case  show  cleavage  and  the  matrix  shows  ductile  behavior. 

In  the  above  experiments,  prior  to  sintering,  the  initial  powder  mixtures  were  not  milled.  The 
r^ulting  mechanical  properties  are  given  in  Table  2.  As  shown  in  this  table,  the  specimens 
exhibit  ductility  and  high  strength  values.  Tensile  specimens  were  also  made  ft'om  planetary 
milled  powders  for  1  hour  with  different  compositions:  90W-6Ni-4Mn,  85W-9Ni-6Mn,  and  80W- 
12Ni-8Mn.  TTie  sintering  cycle  consists  of  a  10°C/min  ramp  to  1200°C  followed  by  a  1  hour 
hold  in  Hj.  The  heat  treatment  cycle  proceeded  at  1000°C  for  1  hour  followed  by  quenching  in 
a  water  bath.  The  mechanical  properties  are  given  in  Table  3.  As  shown  in  this  table,  higher 
strength  are  observed  with  a  980  MPa  UTS  as  compared  to  900  MPa  for  the  unmilled  powders. 
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Table  1.  Density  (%  theoretical)  as  a  function  of  sintering  temperature  in  the  W-Ni-Mn 
system. 


Temperature  (“C) 

90W-8Ni-2Mn 

90W-6Ni^Mn 

90W^Ni-6Mn 

1200 

86.6 

97.7 

95.9 

1300 

98.6 

97.3 

95.4 

1400 

97.7 

97.3 

96.8 

1500 

97.4 

97.8 

96.2 

Figure  13.  Optical  micrograph  of  the  microstructure  of  90W-6Ni-4Mn  sintered  at 
1200°C  for  1  hour  in  Hj. 
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In  accordance  with  the  post-sintering  cycle,  the  mechanical  properties  have  improved.  However, 
for  the  three  quenching  cycles,  the  ductility  and  ultimate  tensile  strength  were  not  affected  by  the 
quenching  temperature  variations.  In  this  temperature  region,  intermetallic  formation  in  the  Ni- 
Mn  system  is  avoided.  For  the  specimens  quenched  from  1000°C  and  1050°C,  the  N^W  phase 
should  be  avoided.  However,  the  specimens  quenched  from  the  950°C  temperature  do  not  show 
lower  ductilities  than  the  ones  treated  at  the  higher  temperatures.  This  is  probably  due  to  the  low 
Ni/Mn  (3/2)  ratio  used  in  this  study  as  compared  to  W-Ni-Fe  where  high  Ni/Fe  ratios  are  used 
(7/3  to  4/1),  which  favor  the  formation  of  this  brittle  phase.  The  effect  of  the  Ni,W  intermetallic 
phase  is  more  evident  in  the  90W-8Mn-2Ni  compositions  (Ni  to  Mn  ratio  is  4/1)  sintered  at 
1400°C  and  post-  sintering  heat  treated  using  the  above  quenching  cycles.  In  this  case,  the 
pe.cent  elongation  to  failure  is  around  4%  with  a  UTS  of  890  MPa.  To  forther  optimize  the  heat 
treatment  cycle,  more  work  is  needed  to  determine  the  occurrence  of  intermetallic  phases  in  the 
W-Ni-Mn  system  as  no  W-Mn  phase  diagram  currently  available. 

The  strength  values  increase  with  increasing  tungsten  content,  as  shown  in  Table  3,  is  expected 
in  tungsten  heavy  alloys.  However  the  ductility  is  the  same  for  different  matrix  weight  fraction 
considered  indicating  that  it  is  more  sensitive  to  the  porosity  associated  with  oxide  formation  than 
to  the  matrix  volume  fraction.  Nevertheless,  the  mechanical  properties  observed  in  this  system 
are  encouraging  given  that  the  densities  achieved  are  only  around  98%  of  theoretical.  Further 
studies  to  achieve  full  densification  in  this  system  are  needed.  A  feasible  approach  is  the  use  of 
prealloyed  powders  to  lower  the  oxidation  associated  with  elemental  manganese  powders. 
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Figure  14.  Typical  fracture  surface  microstructure  of  as  sintered  90W-6Ni-4Mn. 


Figure  15.  Fracture  surface  of  water  quenched  90W-6Ni-4Mn. 
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Table  2,  Heat  treatment  effects  on  the  mechanical  properties  of  W-Ni-Mn. 


Heat  treatment 

UTS  (MPa) 

%  Elongation 

As-sintered* 

Broke  at  the  grips 

Brittle  behavior 

Quenching  from  950 “C  ** 

895  ±  10 

10  ±  1 

Quenching  from  IGOO^C  " 

900  ±  15 

9.5  +  0.8 

Quenching  from  lOSO^C  ** 

902  ±  12 

9.4  ±  0.7 

Quenching  from  1050“C  *** 

’  all  Ni/Mn  ratios 
-  90W-6Ni-4Mn 
•**  90W-8Ni-2Mn 

895  +  10 

4  +  0.8 

Table  3.  Mechanical  properties  of  W-Ni-Mn,  1  hour  planetary  milled  powders. 

Composition 

UTS  (MPa) 

%  Elongation 

90W-6Ni-4Mn 

980  +  10 

10  ±  1 

85W-9Ni-6Mn 

910  ±  15 

9.6  +  0.6 

80W-12Ni-8Mn 

880  ±  10 

10  ±  1 
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Summary 

In  the  selection  of  a  new  heavy  alloy  for  low  temperature  sintering,  the  solubility  of  tungsten  in 
the  matrix,  wetting  of  the  solid  phase  by  the  liquid,  capillary  induced  rearrangement,  grain 
coarsening,  processing,  and  the  mechanic^  properties  of  W-Ni-Mn  were  investigated. 

When  criteria  such  as  the  wetting  angle,  the  volume  fraction  and  viscosity  of  the  liquid  phase, 
and  the  solid  phase  grain  size  were  incorporated  in  a  treatment  of  the  capillary  induced 
rearrangement,  four  observations  are  deduced,  1)  a  broad  particle  size  distribution  and  a 
homogenous  distribution  of  the  liquid  phase  enhance  densification,  2)  the  times  involved  in  the 
shrinkage  (or  swelling),  when  capillary  and  viscous  drag  forces  are  considered,  are  on  the  order 
of  microseconds,  3)  heat  transfer  is  the  time  limiting  factor  for  the  shrinkage  during 
rearrangement,  and  4)  in  cases  where  the  matrix  phase  is  not  crystalline,  viscous  drag  becomes 
important  and  therefore  slows  the  approach  of  the  particles  due  to  capillary  forces.  In  such  a  case, 
the  shrinkage-time  dependence  developed  by  Kingery  is  applicable. 

While  good  wetting  of  tungsten  by  the  liquid  phase  results  in  high  densifications  through 
rearrangement,  full  densification  is  achieved  when  solution-reprecipitation  occurs.  To  enhance 
densification  beyond  the  rearrangement  stage,  the  solubility  of  the  solid  phase  in  the  liquid  is  a 
requirement.  Therefore  in  the  development  of  a  tungsten  heavy  alloy,  the  presence  of  a  liquid 
phase  that  provides  solubility  for  tungsten,  such  as  nickel,  is  beneficial.  However,  enhanced 
solution-reprecipitaion  also  results  in  accelerated  grain  growth  which  is  not  desirable  with  respect 
to  the  mechanical  properties  of  the  composite.  To  control  grain  growth,  manganese  is  added  to 
the  W-Ni  system.  The  resulting  growth  rate  constant  for  90W-6Mn-4Ni  sintered  at  1100‘’C  was 
2.1x10’^'  m^/s  which  is  well  below  that  observed  in  90W-7Ni-3Fe,  lxl&'*  mVs  sintered  at 
1500'’C.  The  decrease  in  the  growth  rate  constant  is  due  to  the  lack  of  solubility  of  tungsten  in 
manganese.  Nevertheless,  the  growth  kinetics  in  the  W-Ni-Mn  system  during  liquid  phase 
sintering  was  diffusion  controlled  as  previously  observed  in  tungsten  heavy  alloys.  During  this 
stage,  coalescence  also  contributes  to  coarsening.  When  coalescence  was  incorporated  into  the 
coarsening  problem,  three  results  were  found  in  agreement  with  experimental  observations,  1) 
broadening  of  the  grain  size  distribution  function,  .2)  the  distribution  function  became  more 
symmetrical  and  skewed  to  the  right  at  the  high  volume  fractions,  and  3)  the  growth  rate  constant 
increased.  In  this  treatment  the  effect  of  the  coordination  number  of  grains  surrounding  a  specific 
grain  size  was  not  included  in  the  coalescence  function.  This  resulted  in  a  discrepancy  between 
the  theoretical  treatment  and  the  experimental  observations  at  both  ends  of  the  grain  size 
distribution.  To  allow  for  this  effect,  the  number  of  contacts  as  a  function  of  the  grain  size  and 
the  volume  fraction  of  the  coarsening  phase  needs  to  be  considered.  Nevertheless,  it  was  found 
that  the  overall  effect  of  coalescence  on  the  grain  size  distribution  functions  was  not  as  significant 
as  previously  thought. 

The  effect  of  manganese  on  the  W-Ni  system  results  in  a  depressed  melting  point  of  the  matrix, 
allowing  densification  to  proceed  at  temperatures  300°C  lower  than  conunonly  used  in  the 
conventional  heavy  alloys.  However,  due  to  the  high  vapor  pressure  and  oxidation  potential  of 
manganese,  three  criteria  need  to  be  followed  to  achieve  high  densifications  upon  sintering  W-Ni- 
Mn,  1)  the  initial  amounts  of  oxides  in  the  original  powders  should  be  low  (for  example  the  initial 
tungsten  powders  can  be  reduced  at  8(X)°C  in  a  hydrogen  atmosphere),  2)  sintering  at  low 
temperatures,  and  3)  a  high  Ni/Mn  ratio  is  desirable.  The  optimum  Ni  to  Mn  ratio,  with  respect 
to  density,  sintering  temperature,  and  mechanical  properties,  was  found  to  be  3/2  with  a  sintering 
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temperature  around  1200°C. 

The  as-sintered  W-Ni-Mn  composites  failed  in  the  elastic  region  during  tensile  testing  due  to  Ni- 
Mn  intermetallic  formation  after  sintering.  In  accordance  with  the  Ni-Mn  phase  diagram,  a  post¬ 
sintering  heat  treatment  at  1000°C  followed  by  water  quenching  resulted  in  a  900  MPa  ultimate 
tensile  strength  and  10%  ductility.  This  heat  treatment  cycle  was  designed  to  avoid  intermetallic 
formation  in  the  matrix.  The  pore  morphology  in  this  system  was  similar  to  the  initial  mangan^e 
powder  shape.  In  fact,  milling  of  the  initial  powders  resulted  in  a  smaller  pore  size  and  higher 
mechanical  properties,  980  MPa  and  10%  ductility  for  the  90W-6Ni-4Mn  composition. 

In  accordance  with  phase  relationships,  solubility  criteria,  wetting,  grain  growth  kinetics,  and 
optimized  processing  conditions,  we  have  successfully  developed  a  new  tungsten  heavy  alloy,  W- 
Ni-Mn.  This  novel  heavy  alloy  is  competitive  to  the  more  traditional  heavy  alloys  considering 
that  the  sintering  temperature  is  lowered  by  300“C  and  the  mechanical  properties  are  comparable. 
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